Accumulation of continuous life stress (chronic stress) often causes gastric symptoms. Although central oxytocin has antistress effects, the role of central oxytocin in stress-induced gastric dysmotility remains unknown. Solid gastric emptying was measured in rats receiving acute restraint stress, 5 consecutive days of repeated restraint stress (chronic homotypic stress), and 7 consecutive days of varying types of stress (chronic heterotypic stress). Oxytocin and oxytocin receptor antagonist were administered intracerebroventricularly (icv). Expression of corticotropin-releasing factor (CRF) mRNA and oxytocin mRNA in the paraventricular nucleus (PVN) of the hypothalamus was evaluated by real-time RT-PCR. The changes of oxytocinergic neurons in the PVN were evaluated by immunohistochemistry. Acute stress delayed gastric emptying, and the delayed gastric emptying was completely restored after 5 consecutive days of chronic homotypic stress. In contrast, delayed gastric emptying persisted following chronic heterotypic stress. The restored gastric emptying following chronic homotypic stress was antagonized by icv injection of an oxytocin antagonist. Icv injection of oxytocin restored delayed gastric emptying induced by chronic heterotypic stress. CRF mRNA expression, which was significantly increased in response to acute stress and chronic heterotypic stress, returned to the basal levels following chronic homotypic stress. In contrast, oxytocin mRNA expression was significantly increased following chronic homotypic stress. The number of oxytocin-immunoreactive cells was increased following chronic homotypic stress at the magnocellular part of the PVN. Icv injection of oxytocin reduced CRF mRNA expression induced by acute stress and chronic heterotypic stress. It is suggested that the adaptation mechanism to chronic stress may involve the upregulation of oxytocin expression in the hypothalamus, which in turn attenuates CRF expression. chronic homotypic stress; chronic heterotypic stress; corticotropinreleasing factor; hypothalamus-pituitary-adrenal axis; paraventricular nucleus FUNCTIONAL GASTROINTESTINAL (GI) disorders are common in the general population. Functional GI disorders are multifactorial, since the pathophysiological mechanisms are variably combined in each patient. Stress is widely believed to play a major role in developing functional GI disorders. GI symptoms may develop because of the accumulation of continuous or repeated stress in some individuals; however, others are able to adapt to a stressful environment without developing GI symptoms. The mechanism by which the GI tract adapts to chronic stress remains unclear.
FUNCTIONAL GASTROINTESTINAL (GI) disorders are common in the general population. Functional GI disorders are multifactorial, since the pathophysiological mechanisms are variably combined in each patient. Stress is widely believed to play a major role in developing functional GI disorders. GI symptoms may develop because of the accumulation of continuous or repeated stress in some individuals; however, others are able to adapt to a stressful environment without developing GI symptoms. The mechanism by which the GI tract adapts to chronic stress remains unclear.
Previous animal studies demonstrated that solid meal gastric emptying is delayed by acute stress (10, 40) . However, relatively few studies have been done under repeated chronic stress. Ochi et al. (31) showed that acute stress delays liquid gastric emptying, whereas repeated stress loading for 5 consecutive days accelerated liquid gastric emptying in rats. We have recently demonstrated that delayed solid gastric emptying observed in acute restraint stress was completely restored following chronic repeated stress (chronic homotypic stress) loading for 5 consecutive days in rats (53) . This suggests that homeostatic adaptation may develop in response to chronic repeated stress.
We studied whether adaptation develops following chronic heterotypic (complicated) stress loading in rats. The rodents received different types of stress (water avoidance stress, force swimming stress, cold restraint stress, and restraint stress) for 7 consecutive days. The effects of different type of stress (acute restraint stress, chronic homotypic stress, and chronic heterotypic stress) on solid gastric emptying were studied. In contrast to chronic homotypic stress, gastric emptying was delayed following chronic heterotypic stress, suggesting that the rats failed to adapt to heterotypic stress.
Corticotropin-releasing factor (CRF) in the brain acts to influence motor function of the GI tract. Acute restraint stress delays solid gastric emptying via central CRF and peripheral autonomic nerves in rats (26, 39) . Acute restraint stress stimulates CRF in the amygdala and paraventricular nucleus (PVN) of the hypothalamus, resulting in activation of the hypothalamus-pituitary-adrenal (HPA) axis (8) . CRF plays a dominant role to increase HPA axis activity and delays gastric emptying following acute stress in rats (20, 21) . However, it remains unclear whether central CRF plays a major role in regulating HPA axis and gastric dysmotility following chronic stress.
Oxytocin is a cyclic nona-peptide hormone associated with female reproductive functions. Oxytocin is synthesized in the neurosecretory cells that are located in the PVN and supraoptic nucleus (SON) of the hypothalamus. The SON consists exclusively of magnocellular neurons. In contrast, the PVN consists of both magnocellular and parvocellular neurons. The magnocellular neurons are part of the hypothalamic-neurohypophysial system, whereas the parvocellular neurons constitute the central part of the HPA axis and project to the autonomic preganglionic neurons at the brain stem (11) . Besides its well-known physiological functions like milk ejection and induction of labor, oxytocin plays an important role in regulating social behavior and positive social interactions in nonhuman mammals (27) . In humans, intranasal administration of oxytocin was shown to have a substantial increase in trusting behavior (16) .
Oxytocin is also known for its antistress and antianxiety effects. Oxytocin attenuates stress-induced activity of HPA axis and thus modulates the stress response in both males and females (28, 47) . Oxytocin is released in the PVN in response to various stressors, such as shaker stress (30) and forced swimming stress (48) in rats. Restraint stress can induce c-fos expression in oxytocinergic magnocellular neuroendocrine cells in the SON and PVN in rats (24) .
In response to psychological stressors, there is a dosedependent effect of oxytocin in attenuating stress-induced HPA activation on neural circuits including the PVN and dorsal hippocampus. Oxytocin administration significantly attenuates both ACTH/corticosterone release and CRF mRNA expression in the PVN in response to acute restraint stress (46) . This suggests that the anxiolytic and stress-attenuating effects of oxytocin are, at least in part, mediated by its inhibitory effects on CRF expression in the brain. A recent study demonstrated that water avoidance stress-induced stimulation of colonic motility is attenuated by central administration of oxytocin in rats (22) .
We studied the role of central oxytocin in stress-induced gastric motor dysfunction following acute stress, chronic homotypic stress, and chronic heterotypic stress. PVN plays a major part in regulating stress responses in rats (43) . To investigate the relationship between CRF and oxytocin in the PVN, we measured oxytocin mRNA and CRF mRNA expression in the PVN following acute, chronic homotypic, and heterotypic stress. We also studied the immunohistochemistry of oxytocin at the parvocellular and magnocellular subdivisions of the PVN following acute, chronic homotypic, and heterotypic stress. Our present study suggests that the central oxytocin may play an important role in regulating the adaptation mechanism to restore gastric motility following chronic stress.
MATERIALS AND METHODS

Animals
Adult male Sprague-Dawley (SD) rats weighing 260 -300 g. were housed in individual cages under conditions of controlled temperature (22-24°C) and illumination (12-h light cycle starting at 6:00 AM) for at least 7 days before the experiment. Rats were given ad libitum access to food and water. All experiments were started at 9:00 AM each day. Protocols describing the use of rats were approved by the Institutional Animal Care and Use Committee of Zablocki Veterans Affairs Medical Center at Milwaukee and carried out in accordance with the National Institute of Health "Guide for the Care and Use of Laboratory Animals." All efforts were made to minimize animal suffering and to reduce the number of animal in experiments.
Acute Stress, Chronic Homotypic Stress, and Chronic Heterotypic Stress Loading
For acute stress loading, rats were placed on a wooden plate with their trunks wrapped in a confining harness for 90 min, as previously reported (53) . The animal was able to move its limbs and head but not its trunk. This restraint stress has been used as a physical and psychogenic stress model in rodents (17, 45) . For chronic homotypic stress, the rats received the same restraint stress loading for 5 consecutive days.
For chronic heterotypic stress, the rats received different types of stressors for 7 consecutive days, as previously reported (6) . The stress paradigms used were water avoidance stress, force swimming stress, cold restraint stress, and restraint stress. Rodents were exposed to two different stressors each day for 7 days ( Table 1 ). The specific conditions for each type of stress are as follows.
Water avoidance stress. Animals were placed on a platform (3 ϫ 6 cm) in the middle of a plastic container (50 cm ϫ 30 cm ϫ 20 cm) filled with room temperature (RT) water to 1 cm below the height of the platform for 90 min. Control rats were placed on the same platform in a waterless container for 90 min.
Force swimming stress. Animals were placed individually in a plastic tank (52 cm ϫ 37 cm ϫ 20 cm) filled with RT water to the depth of 15 cm for 20 min. The depth of the water forced the animal to swim or float without hindlimbs touching the bottom of the tank. Control rats were placed individually in a in a waterless container tank for 20 min.
Cold restraint stress. Animals were kept restraint at 4°C for 45 min. Control rats were kept at RT for 45 min.
Measurement of Solid Gastric Emptying
Rats were fasted for 24 h prior to the measurement of gastric emptying. Preweighed pellets (1.6 g) were given, as previously reported (53) . Immediately after finishing the feeding, the rats were subjected to restraint stress for 90 min. The rats that did not consume 1.6 g of food within 10 min were excluded from the study. After loading with restraint stress, the rats were euthanized by pentobarbital sodium (200 mg/kg ip). The stomach was surgically isolated and removed. The gastric contents were recovered from the stomach, dried, and weighed. Solid gastric emptying was calculated according to the following formula, as previously described (26, 53) :
To evaluate gastric emptying in response to chronic stress, a similar emptying study was performed following restraint stress after the loading of 5 days of chronic homotypic stress and 7 days of chronic heterotypic stress.
Icv Administration of Oxytocin and Oxytocin Antagonist
Rats were placed in a stereotaxic apparatus and a 24-gauge guide cannula made from stainless steel tubing was implanted in the left ventricle, as previously reported (14) . Rats were allowed to recover for 1 wk.
To investigate whether central oxytocin is involved in mediating gastric emptying, oxytocin (0.5 g in 5 l saline) was injected (icv) 30 min prior to stress loading via icv cannula by use of a microsyringe attached to polyethylene tubing. It has been shown that icv injection of oxytocin (0.3 g) increases cardiovascular reactivity in response to some types of stressors in rats (34) . Others showed that icv injection of oxytocin (500 pmol; 0.5 g) inhibits accelerated colonic motility induced by water avoidance stress in rats (22) . Oxytocin dissolved in isotonic saline was injected over a period of 10 s, as described previously (46, 47 To investigate whether endogenous oxytocin is involved to restore gastric emptying following chronic homotypic stress, an oxytocin receptor antagonist, tocinoic acid (20 g), was injected (icv) 30 min prior to stress loading. Icv injection of tocinoic acid (20 g) has been shown to prevent the effect of oxytocin-induced social behavior in rats (42) . Tocinoic acid (25 g icv) antagonizes the inhibitory effect of oxytocin on colonic motility in rats (22) . Saline (5 l icv)-injected rats served as controls.
At the end of the experiment, rats were euthanized with pentobarbital sodium (200 mg/kg ip). The implantation site of icv cannula was confirmed by the presence of Evans blue (5%, 1 l) after injection via the catheter, as previously reported (14) .
Quantitative RT-PCR
The rat brain tissue micropunching technique (32) was applied for acquiring PVN tissue samples from specific regions with micropunchers. Briefly, rats were euthanized by decapitation. The brains were removed and cut into 450-m coronal sections. Punches were collected from the left and right PVN (1.8 mm caudal to bregma; 0.4 mm lateral to midline; 7.6 mm ventral to the brain surface), as previously reported (51) . All coordinates were based on the rat brain atlas (33) .
Total RNA was extracted from the brain tissues using Trizol (Invitrogen, Carlsbad, CA) according to manufacturer's instructions. Trace DNA contamination was removed by DNase digestion (Promega, Madison, WI). cDNA was synthesized from 3 g total RNA by use of Superscript III reverse transcriptase (Invitrogen). The following primers were designed to amplify rat CRF (81 bp; accession no. NM_031019), as previously reported (9): sense primer 5=-CCAGGGCAGAGCAGT-TAGCT-3=, antisense primer 5=-CAAGCGCAACATTTCATTTCC-3=. The following primers were designed to amplify rat oxytocin (351 bp; accession no. M25649.1), as previously reported (50): sense primer 5=-GAACACCAACGCCATGGCCTGCCC-3=, antisense primer 5=-TCGGTGCGGCA GCCATCCGGGCTA-3=. For an internal control, the following primers were designed to amplify a rat ␤-actin fragment (106 bp; accession no. gi:118505324): sense primer 5=-TGGCACCACACCT-TCTACAATGAG-3=, antisense primer 5=-GGGTCATCTTTTCACG-GTTGG-3=, as previously reported (53) .
Quantitative PCR was performed by using SYBR Premix Ex Taq (TakaraBIO, Madison, WI) according to the manufacturer's instructions. Amplification reactions were performed using a LightCycler 480 (Roche Diagnostics). Initial template denaturation was performed for 30 s at 95°C. The cycle profiles were programmed as follows: 5 s at 95°C (denaturation), 20 s at 60°C (annealing), and 15 s at 72°C (extension). Forty-five cycles of the profile were run, and the final cooling step was continued for 30 s at 40°C. Quantitative measurement of each mRNA sample was achieved by establishing a linear amplification curve from serial dilutions of each plasmid containing the amplicon sequence. Amplicon size and specificity were confirmed by melting curve analysis. The relative amount of each mRNA was normalized by the amount of ␤-actin mRNA, as previously reported (53) .
Immunohistochemistry of Oxytocin
The rat brains were immediately removed following restraint stress loading. Tissue samples were fixed in 10% zinc formalin fixative for 2 days. The specimens were embedded in paraffin and mounted on standard cassettes and coronal paraffin sections (5 m) were cut with a rotation-microtome at room temperature, transferred onto poly-Llysine-coated slides (Fisher Scientific, Hanover, IL) and dried on a heating plate at 38°C, as previously reported (36, 41) .
Brain sections were deparaffinized with xylene and rehydrated through descending concentrations of ethanol (52) . The sections were treated with 0.5% sodium metaperiodate to block endogenous peroxidase for 15 min at room temperature. After washing with distilled water, the sections were incubated with trinitrobenzene sulfonate for 1 h and then washed thrice with phosphate-buffered saline, incubated overnight at 4°C with anti-oxytocin antibody (Peninsula Laboratories, San Carlos, CA; 1:5,000 dilution). After being washed, sections were incubated in biotinylated anti-rabbit IgG (Vector Laboratories, Burlingame, CA). Sections were then washed and placed in avidin-biotin peroxidase complex (Vector Laboratories). Immunoreactivity was visualized by incubation with 0.01% diaminobenzidine, 1% nickel chloride, and 0.0003% H 2O2 for 10 min.
Oxytocin-immunoreactive cells in the PVN were counted at ϫ40 magnification by identifying them visually under Olympus CK40 microscope (Olympus America, Center Valley, PA). For quantitative assessment, the total number of oxytocin-immunoreactive cells was counted bilaterally in each subdivision of the PVN on the sections between Ϫ0.8 and Ϫ2.1 mm from the bregma identified with the Paxinos and Watson's atlas (33) . The distinction between parvocellular and magnocellular subdivisions in the PVN was performed, as previously reported (15, 37) .
Chemicals
Oxytocin and tocinoic acid were purchased from Sigma Aldrich, St. Louis, MO.
Statistical Analysis
Results were shown as means Ϯ SE. One-way ANOVA and Student's t-test were used to determine the significance among groups. A P value Ͻ 0.05 was considered to be statistically significant. Pearson correlation analysis was performed for oxytocin and CRF mRNA expression.
RESULTS
Effect of Oxytocin and Oxytocin Antagonist on Solid Gastric Emptying in Response to Acute, Chronic Homotypic, and Chronic Heterotypic Stress
In nonrestrained rats, solid gastric emptying was 52.4 Ϯ 3.1% (n ϭ 6) 90 min after the feeding. Acute stress significantly delayed gastric emptying (25.2 Ϯ 3.9%, n ϭ 6, P Ͻ 0.01). Delayed gastric emptying was completely restored to 53.3 Ϯ 3.6% (n ϭ 6) after 5 consecutive days of chronic homotypic stress. In contrast, gastric emptying was still de- Fig. 1 . Effect of intracerebroventricular (icv) injection of oxytocin and oxytocin antagonist on solid gastric emptying in response to acute, chronic homotypic, and heterotypic stress in rats. Acute restraint stress significantly delayed gastric emptying. Delayed gastric emptying observed in acute stress was restored by icv administration of oxytocin. Delayed gastric emptying was restored following chronic homotypic stress. Icv injection of tocinoic acid, which had no effects on gastric emptying in nonrestraint rats, significantly antagonized the restored gastric emptying following chronic homotypic stress. In contrast to chronic homotypic stress, gastric emptying was delayed following chronic heterotypic stress. Delayed gastric emptying was restored by icv administration of oxytocin following chronic heterotypic stress (n ϭ 6, *P Ͻ 0.05, **P Ͻ 0.01 compared with saline). layed (34.1 Ϯ 4.3%, n ϭ 6, P Ͻ 0.05) following chronic heterotypic stress.
Icv administration of oxytocin (0.5 g) had no significant effect on solid gastric emptying in nonrestrained rats. In contrast, oxytocin (0.5 g) significantly antagonized the inhibitory effects of acute stress on gastric emptying (46.1 Ϯ 2.2%, n ϭ 6), compared with that of saline (icv)-injected rats (25.6 Ϯ 4.1%, n ϭ 6, Fig. 1 ).
Icv injection of oxytocin (0.5 g) also significantly improved the delayed solid gastric emptying induced by chronic heterotypic stress (59.4 Ϯ 4.9%, n ϭ 6), compared with that of saline (icv)-injected rats (33.6 Ϯ 2.8%, n ϭ 6, Fig. 1 ).
Icv injection of tocinoic acid (20 g) had no significant effect on gastric emptying in nonrestrained rats. In contrast, icv injection of tocinoic acid significantly attenuated the restored gastric emptying following chronic homotypic stress (38.7 Ϯ 2.4%, n ϭ 6, P Ͻ 0.05), compared with that of saline-injected rats (52.8 Ϯ 4.2%, Fig. 2 ).
Oxytocin and tocinoic acid were administered 30 min before the restraint stress loading. During 30-min observation, oxytocin and tocinoic acid did not evoke any significant changes in their general behavioral patterns including wakefulness and activity following chronic homotypic and heterotypic stress.
Effects of Acute Stress, Chronic Homotypic Stress, and Chronic Heterotypic Stress on Hypothalamic CRF mRNA Expression
CRF mRNA expression in the PVN was significantly increased in response to acute stress. In contrast, CRF mRNA expression was reduced to control levels by the 5th day of chronic homotypic stress. In contrast, CRF mRNA expression was significantly elevated following chronic heterotypic stress ( Fig. 2A) .
Effects of Acute, Chronic Homotypic, and Heterotypic Stress on Hypothalamic Oxytocin mRNA Expression
Oxytocin mRNA expression in the PVN of the hypothalamus was significantly increased following acute stress. The increase in oxytocin mRNA expression following chronic homotypic stress was much higher than that of acute stress. Following chronic heterotypic stress, oxytocin mRNA expression was significantly decreased, compared with that of chronic homotypic stress (Fig. 2B) .
Correlation Between Oxytocin mRNA Expression and Gastric Emptying
There was a significant negative correlation observed between oxytocin mRNA and CRF mRNA expression in the PVN after acute stress (Fig. 3A) , chronic homotypic stress (Fig.  3B) , and chronic heterotypic stress groups (Fig. 3C) . Fig. 2 . Effect of acute stress, chronic homotypic stress, and chronic heterotypic stress on corticotropin-releasing factor (CRF; A) and oxytocin (OXT; B) mRNA expression in the paraventricular nucleus (PVN). CRF mRNA expression showed a significant increase in response to acute stress. The increment of CRF mRNA was no longer observed following chronic homotypic stress. In contrast, chronic heterotypic stress significantly increased CRF mRNA expression. Oxytocin mRNA expression showed a significant increase in response to acute stress. Oxytocin mRNA expression at the PVN showed a more pronounced increase following chronic homotypic stress, compared with that of acute stress. The increase of oxytocin mRNA expression was much less following chronic complicated stress, compared with that of chronic homotypic stress. The mRNA expression was standardized with the ratio of internal control of ␤-actin (n ϭ 6, *P Ͻ 0.05, **P Ͻ 0.01 compared with controls). Fig. 3 . Correlation between CRF mRNA and oxytocin mRNA expression in the PVN in response to acute stress (A), chronic homotypic stress (B), chronic heterotypic stress (C). There was a significant negative correlation observed between CRF mRNA and oxytocin mRNA expression in every stress loading (n ϭ 6).
Effects of Oxytocin on Hypothalamic CRF mRNA Expression
Icv injection of oxytocin (0.5 g) had no significant effect on CRF mRNA expression in the PVN in nonrestrained rats (data not shown). Icv injection of oxytocin significantly attenuated CRF mRNA expression in response to acute stress and chronic heterotypic stress (Fig. 4) .
Immunohistochemistry of Oxytocin at the PVN Following Acute and Chronic Stress
The number of oxytocin-immunoreactive cells at the posterior magnocellular (PM) subdivisions of the PVN (Ϫ1.7 mm from bregma) was remarkably increased following chronic homotypic stress (Fig. 5C ), compared with that of acute stress (Fig. 5B ) and chronic heterotypic stress (Fig. 5D) .
Statistical analysis showed that within the magnocellular subdivision of the PVN the number of oxytocin-immunoreactive cells in the PM part was significantly increased following acute stress (16.4 Ϯ 1.9, n ϭ 4), chronic homotypic stress (40.1 Ϯ 6.2, n ϭ 4), and chronic heterotypic stress (18.3 Ϯ 3.4, n ϭ 4) compared with the control (5.9 Ϯ 1.5, n ϭ 4 , P Ͻ 0.01) (Fig. 6B) . The increase of oxytocin-immunoreactive cells at the PM subdivision was much more pronounced following chronic homotypic stress (Fig. 6B) .
Within the parvocellular subdivision of the PVN, medial parvocellular division showed an increase of the number of oxytocin-immunoreactive cells following chronic homotypic stress (18.6 Ϯ 1.6, n ϭ 4), compared with the control (5.2 Ϯ 1.2, n ϭ 4, P Ͻ 0.01). There were no significant differences in the number of oxytocin-immunoreactive cells at the other parvocellular subdivisions of the PVN (Fig. 6A ).
There were no significant changes observed in oxytocinimmunoreactive cells in the other brain regions including bed nucleus of stria terminalis and the amygdala ( Table 2) . Fig. 4 . Effects of icv injection of oxytocin on CRF mRNA expression in the PVN in response to acute stress and chronic heterotypic stress. Icv injection of oxytocin significantly attenuated the increase of CRF mRNA expression in response to acute stress and chronic heterotypic stress (n ϭ 6, *P Ͻ 0.05, **P Ͻ 0.01 compared with saline). 
DISCUSSION
We have recently demonstrated that delayed gastric emptying induced by acute restraint stress is completely restored following 5 consecutive days of repeated stress loading in rats (53) and mice (4) . This suggests that homeostatic adaptation may develop in response to chronic repeated stress. When animals are subjected to stress, CRF is secreted from the hypothalamus and activates the HPA axis, resulting in the secretion of corticosterone from the adrenal cortex to guard against stress disorders (8) . Acute restraint stress delays gastric emptying via central CRF and peripheral parasympathetic and/or sympathetic neural pathways in rats (26, 39) .
Gastric emptying is attenuated when CRF is exogenously applied to the central nervous system (17, 40) . We have recently shown that central administration of CRF significantly attenuates the restored gastric emptying following chronic homotypic stress in rats (53) . This suggests that the sensitivity to central CRF in mediating delayed gastric emptying is not altered following chronic homotypic stress. Plasma cortisol levels, which are significantly increased in response to acute stress, are no longer observed following chronic homotypic stress (53) , suggesting the attenuation of HPA axis following chronic homotypic stress. Our present study demonstrated that CRF mRNA expression in the PVN was significantly increased following acute restraint stress, whereas there was no longer a pronounced increase in CRF mRNA expression following chronic homotypic stress in rats. These results suggest that attenuation of HPA axis following chronic homotypic stress (53) is, at least in part, due to reduced CRF expression in the hypothalamus.
Although rats seem to adapt easily to chronic homotypic stress, it remains unknown whether adaptation develops following chronic heterotypic stress. After receiving different types of stress (water avoidance stress, force swimming stress, cold restraint stress, as well as restraint stress) for 7 consecutive days, delayed gastric emptying did not return to normal. This suggests that homeostatic adaptation may not develop following chronic heterotypic stress in rats. A recent study showed that a 9-day heterotypic chronic stress enhances the contractile activity of the colonic smooth muscle in rats (6) . Our present study shows that CRF mRNA expression in the PVN is significantly elevated following chronic heterotypic stress.
Oxytocin has antistress and antianxiety effects. Oxytocin attenuates stress-induced activity of the HPA axis and thus modulates the regulation of the stress response in rodents (28, 47) . Peripheral and central administration of oxytocin shows an anxiolytic behavioral pattern in both male (35, 44) and female rodents (5, 23) . In response to various stressors, there is a dose-dependent effect of oxytocin in attenuating stress-induced HPA activation of neural circuits in the brain. Oxytocin administration attenuates ACTH and corticosterone release in response to acute restraint stress. Oxytocin administration also attenuates the increase in CRF mRNA expression in the PVN in response to acute restraint in rats (46) . This suggests that both the anxiolytic and stress-attenuating effects of oxytocin are mediated by its inhibitory effects on CRF expression in the brain.
Our present study showed that icv injection of oxytocin significantly antagonized the inhibitory effects of acute stress on gastric emptying. We also showed that increased CRF mRNA expression in response to acute stress was attenuated by icv injection of oxytocin. Thus it is conceivable that the stimulatory effects of central oxytocin on delayed gastric emptying are mediated via its inhibitory effect on CRF expression during acute stress loading in rats.
Previous studies have shown that oxytocin-immunoreactive cells are localized in the magnocellular division of the PVN (38) and that oxytocin receptors are expressed in the parvocellular and magnocellular division of the PVN (29) . Forced swimming stress increases oxytocin mRNA expression in the magnocellular neurons, but not the parvocellular neurons, of the PVN in rats (49) . Restraint stress induces c-fos expression in oxytocinergic magnocellular neurons in the SON and PVN in rats (24) .
CRF immunoreactivity has been demonstrated in a subset of magnocellular oxytocin neurons (18) . Furthermore, synaptic associations between CRF and magnocellular oxytocin neurons of the PVN have also been demonstrated (12) . In the present study we performed immunohistochemistry of oxytocin at the PVN following acute, chronic homotypic, and heterotypic stress. The number of oxytocin-immunoreactive cells at the magnocellular subdivision of the PVN was significantly increased following chronic homotypic stress.
It remains unknown whether central oxytocin is involved in the adaptation mechanism of following chronic stress. In our present study, the restored gastric emptying following chronic homotypic stress was antagonized by icv injection of an oxytocin antagonist. We also found that oxytocin mRNA expression of the PVN was significantly increased following chronic homotypic stress. In contrast, CRF mRNA expression of the PVN was significantly reduced following chronic homotypic stress. Thus it is highly likely that chronic homotypic stress upregulates oxytocin expression in the hypothalamus, resulting in attenuation of CRF-HPA pathway. As far as we know, this is the first demonstration that chronic homotypic stress upregulates oxytocin mRNA expression at the hypothalamus in rats.
The mechanism of upregulation of hypothalamic oxytocin following chronic homotypic stress remains unknown. Our previous study suggests the possibility of involvement of gastric ghrelin in the adaptation process following chronic homotypic stress in rats (53) . Ghrelin is mainly produced in the fundus of the stomach and plays an important role in mediating gastric emptying in rodents (2, 3) . It has been shown that the expression of gastric ghrelin is upregulated following chronic repeated stress in rats (31, 53) and mice (19) . Plasma ghrelin levels are increased by ␤-adrenergic agonists (13) and sympathetic nerve stimulation (25) in rats. We have previously shown that restraint stress stimulates sympathetic pathway in rats (26) . Thus the upregulation of ghrelin expression might be explained by the activated sympathetic nerves following chronic homotypic stress (19) . Ghrelin released from the stomach has been shown to activate various neuropeptides and neuronal circuits at the central nervous system (1, 7). We cannot exclude the possibility that increased gastric ghrelin expression may directly or indirectly upregulate oxytocin expression at the hypothalamus during the adaptation process following chronic homotypic stress. Further investigation is needed for the effects of ghrelin on central oxytocin expression at the hypothalamus.
Icv injection of oxytocin significantly antagonized the inhibitory effects of chronic heterotypic stress on gastric emptying. Following chronic heterotypic stress, an increased CRF mRNA expression and attenuated oxytocin mRNA expression at the PVN were observed. The increased CRF mRNA expression in response to chronic heterotypic stress was significantly antagonized by icv injection of oxytocin. These results suggest that the effective pathway of central oxytocin in suppressing CRF expression is preserved following chronic heterotypic stress loading.
There was a significant negative correlation observed between hypothalamic CRF mRNA expression and oxytocin mRNA expression in response to acute stress, chronic homotypic stress, and chronic heterotypic stress. This indicates that oxytocin and CRF in the hypothalamus act to influence each other, like yin and yang, in mediating the responses to various type of stress under different conditions. Functional GI disorders are frequently associated with continuous life stressors (chronic stress). In modern society, most individuals encounter both mental and social stress on a daily basis. In some individuals GI symptoms may develop as a result of the accumulation of daily stress, whereas others adapt to the stressful environment without developing GI symptoms. Our present study revealed that delayed gastric emptying observed in acute stress loading was completely restored following repeated chronic stress in rats. The adaptation mechanism involves upregulation of oxytocin expression and downregulation of CRF expression. Our study contributes to the better understanding of the mechanism of stress-induced functional GI disorders. How adaptation to stress takes place may lead to better treatments for functional GI disorders in humans.
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